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Increasing energetic demand and the manipulation of a huge
amount of information require the development of cost-effective
electrical energy storage and new memory devices storing a higher
density of information [1,2]. To face these problems increasing efforts
are being devoted in the design and fabrication of high-performance
nanomaterials that are opening new expectancies for non-volatile
memory devices, electrochemical capacitors, lithium ion batteries,
water splitting and fuel cells among others [3–6]. In this sense, the devel-
opment of strongly coupled inorganic–nanocarbon hybrid materials
is one of the most active research areas [7]; speciﬁcally the use of
nanocarbon structures like graphene, fullerene-like or nanotubes is push-
ing the energy storage to the next level of stored speciﬁc charges [8].
We have recently demonstrated how the intercalation of NiFe-
containing layered double hydroxides (LDH)with sebacate dianions act-
ing as carbon source, leads the formation of carbon nanoforms (CNF)
upon thermal decomposition of the starting precursor in N2 at low tem-
peratures [9]. This process is enabling, by the catalytic activity of the
metal nanoparticles formed in situ that promote the decomposition of34 968 325915.
34 96 354 3273.
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. Open access under CC BY-NC-ND licethe conﬁned sebacate molecules, leading the formation of room temper-
ature ferromagnetic FeNi3 nanoparticles embedded into a conducting
graphene-like shell (Fig. 1A) [10]. Besides the classical electric double
layer capacitance (EDLC), intrinsic to the nanostructured carbon, the
resulting metal/nanocarbon composite presents electroactive accessible
metal sites displaying redox pseudo-capacitance. This combination,
leads to magnetic FeNi3-carbon supercapacitor electrodes having superi-
or energy storage performances, robustness and stability upon charge/
discharge cycles [10].
All these tailored supercapacitive nanocomposites have been usually
checked in aqueous electrolytes having limited potential window of
ca. 1 V due to the thermodynamic electrochemical window of water
(1.23 V) [11]. Here the exploration of new electrochemical processes
in FeNi3-graphene hybrid nanocomposite when the potential window
is increased up to 3 V in acetonitrile solutions is tackled.
2. Experimental
The synthesis of the NiFe-sebacate LDH precursor and the character-
ization of the room-temperature magnetic properties of the FeNi3-
graphene (FeNi3-G) were done according with previously reported
works by our group [9,10].
Field Emission Scanning Electron Microscopy (FESEM) studies were
performed on a Hitachi S-4800 microscope operating at an accelerating
voltage of 2 kV over non-metallized samples. HRTEM studies of the
intercalated samples were carried out on a Technai G2 F20 microscope
operating at 200 kV. Samples were prepared by dropping a suspension
of the sample in ethanol on a lacey Formvar/carbon copper grid
(300 mesh). FT-IR spectrum was recorded using a FT-IR Nicolet 5700nse.
Fig. 1. (A) Schematic representation of the synthetic route highlighting the hierarchicalmorphology of thematerial. Thermal decomposition of the hybrid organic–inorganic NiFe-Seb LDH
compound under an inert atmosphere at 900 °C results in the formation of FeNi3-G nanocomposite. (B) The corresponding FESEM image in which FeNi3 NPs are highly visible inside the
graphene matrix.
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samples diluted in KBr pellets. Thermogravimetric analysis (TGA) was
carried out with a Mettler Toledo TGA/SDTA 851 apparatus in the
25–1100 °C temperature range under a 10 °C min−1 scan rate and an
air ﬂow of 30 mL min−1. X-ray diffraction (XRD) pattern was obtained
using a Philips X'Pert diffractometer using the copper radiation
(Cu-Kα = 1.54178 Å). Raman was measured at room temperature
with the 532 nm line of an Ar ion laser as an excitation source in a
Jobin-Yvon LabRam HR 800 Raman Microscope.
FeNi3-powder (ca. 1 mg) was spread on a graphite paste over a
1 cm2 (0.5 cm2 by side) of surface area platinum electrode. As counter
electrodes two 4 cm2 of surface area stainless steel electrodes were
used. The reference electrodewas a Crison Ag/AgCl (3 MKCl) electrode.
All potentials reported in this work are referred to this electrode.
The coated electrode was then translated into 0.1 M LiClO4 acetoni-
trile solution where it was submitted to consecutive: potential sweeps,
square potential steps or square current steps. All the experimentswere
performed at 25 °C (room temperature) in a three-electrode cell conﬁg-
uration under continuous N2 ﬂow.
The electrochemical experiments were executed using an Autolab
electrochemical workstation (PGSTAT-100 potentiostat/galvanostat)
connected to a personal computer that uses GPES electrochemical
software which was used for the electrochemical experiments.
3. Results and discussion
For the preparation of the nanocomposite we started with the
synthesis of the sebacate intercalated NiFe-Seb LDH. This lamellar
hybrid acts as sacriﬁcial nanoreactor by means of calcination underFig. 2. (A) X-ray powder diffraction pattern and peak indexation of the FeNi3-G nanocomposite
sample. (B) FT-IR spectra of FeNi3-G. Inset in (B) shows the thermogravimetric proﬁle in air atinert atmosphere, leading to FeNi3-G nanocomposites. Fig. 1B reveals
the hierarchical structure of the nanocomposite by FESEM. Fig. 2A
shows the XRD pattern of the nanocomposite synthesized at 900 °C.
The peaks with 2θ 44.2, 51.4 and 75.8° support the presence of fcc-
FeNi3 metal alloy (JCPDS ﬁle no. 38-0419). This observation is coinci-
dent with our previous works [9,10]. HRTEM reveals the hierarchical
structure of the nanocomposite consisting on FeNi3 alloy spherical
nanoparticles homogeneously embedded in a corrugated andprotective
porous graphene matrix (inset of Fig. 2A). The FT-IR spectra of the
FeNi3-G sample conﬁrm the presence of C\C stretching vibrations of
polyaromatic C_C skeletal vibrations of graphene at ca. 1620 cm−1
(Fig. 2B) [12]. The presence of graphene is corroborated by the charac-
teristic D, G and 2D Raman bands (Fig. 2C) [10].
TG/DTA analysis in the inset of Fig. 2B shows the presence of an
exothermic peak at about 396 °C that can be attributed to a chemical
oxidation ofmetallic Ni and Fe (ignoring theweight loss from the oxida-
tion of graphene to CO2, that is ca. 82 wt.%, with a residue of about
10 wt.% that can be ascribed to FeNi oxides) [13]. From the TG analysis
can be deduced that the FeNi3-G nanocomposite is stable below ca.
270 °C in air ensuring sturdiness of the nanocomposite material under
ambient conditions.
For measuring the electrochemical behavior of the FeNi3-G powder,
we spread the sample (ca. 1 mg) over a graphite paste, in order to avoid
the use of Ni-foams and preventing any loss of the active material dur-
ing the electrochemical control. The excellent electronic properties of
the graphene matrix avoid the use of other conducting additives.
Then, the electrode was dried at 100 °C overnight to evaporate any
organic solvent coming from the graphite lacquer. We have obtained
the voltammetric responses in a large potential window that exceed 3 Vobtained after calcination in N2 at 900 °C. The inset represents a HRTEMmicrograph of the
mosphere. (C) Raman spectra of FeNi3-G.
17G. Abellán et al. / Electrochemistry Communications 39 (2014) 15–18from 0.1 M lithium perchlorate acetonitrile solutions. The voltammetric
responses, when the material was cycled at 50 mV s−1 up to increasing
anodic potential limits in the range from 1 V to 1.5 V keeping a constant-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5
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18 G. Abellán et al. / Electrochemistry Communications 39 (2014) 15–18These peaks are coupled correspondingly to a reverse oxidation/reduction
process: when the potential sweep includes peak II and the cathodic
potential limit is changed in the potential range of peak II, the increasing
currents involved here are correlated with the increasing oxidation cur-
rent for peak I (Fig. 3A), and vice versa (Fig. 3B). We can assume
that they correspond to the simultaneous transitions Fe0/FeII/FeIII and
Ni0/NiII, for peak I, and the reverse transitions for peak II. The large dis-
placement related to the redox potentials of each couple could be related
to the strong graphene/nanoparticle interactions in addition to some
redox processes related with the chemical reactivity of graphene at sur-
face defect sites, and in particular edge-plane-like defect sites. Works in
progress are trying to clarify these aspects.
In order to check the involved charges, detecting simultaneously the
possible presence of someminor irreversible reactions, [14] the voltam-
mogramswere integrated to get the coulovoltammetric responses from
the material (Figs. 3C and 2D). The coulovoltammograms (QV) per-
formed from−1.8 V up to different anodic potentials exhibit two well
separated parts: a closed loop and an opened part on the left side of
the loop. The closed loop corresponds to the reverse oxidation (positive
charge increment) and reduction (negative charge increment) process-
es (oxidation charge equals the reduction charge) taking place in the
ﬁlm, which involved charge (Fig. 3E) that is the difference between
the QV maximum and its minimum. The charge difference between
the QV beginning point and end point, corresponding to that of the
opened part difference (Fig. 3E triangles), was spent by an irreversible
reduction. This irreversible reduction seems to be due to the presence
ofwater contamination, probably coming from the reference electrolyte
despite using a double wall electrode. From Fig. 2D all the QV (except
that of the cathodic limit of −1.8 V) show a closed loop indicating
the full reversibility of the FeNi3-G nanocomposite oxidation/reduction
processes, consuming reversible charges (Fig. 3F). In accord with the
charge, the involved speciﬁc capacity (and any relatedmagnetic, electri-
cal or optical property of thematerial that can be used to read the stored
capacity of the chemical compound) shifts under control of the cathodic
potential limits. For−0.8,−1.0,−1.1,−1.2,−1.3,−1.4, and−1.5 V
vs Ag/AgCl, the speciﬁc capacities are 1.30, 1.36, 1.42, 1.48, 1.61, 1.84
and 2.00 ± 0.02 Fg−1, respectively.
The closedQV loops remind,with amost rich structure, themagnetic
or mechanical hysteresis loops from materials. The main difference is
the possibility of full reversible storage in the QV hysteresis loops for
any intermediate charge between 6 and 10 mC (Fig. 3E and F), or for
any intermediate speciﬁc capacity between 1.30 and 2.00 F g−1. The
number of possible storage levels inside those reversible 4 mC (or
0.7 F g−1) depends on the electrochemical equipment precision to pro-
vide charge. The full reversibility of the I/II transitions and the common
availability of electrochemical equipment controlling microcoulombs
envisage hundreds of different storage levels.
Any selected charge level can be stored by the oxidized state I, or by
the reduced state II. Once stored, the material can be removed from the
solution keeping a permanentmemory, which can be read by anymag-
netic, optical or electrical property proportional to the material (I, or II)
concentration in the ﬁlm. Taking into account the high amount of ener-
gy required to reverse the process in an electrolyte (i.e. an energy barri-
er of ca. 2.4 V), those permanent chemical memories are expected to be
very stable when dried and protected under extreme physical condi-
tions (space, deep ocean, high temperatures). The reproducibility of
both, the electrochemical responses and the involved charges (closed
QV) permits to extrapolate the idea of a logic gate towards a multilevel
chemical memory: several intermediate states consisting of various
potential limits could originate as many memory values with different
charges can be selected in the QV. In conclusion, permanent, or electro-
chemically erasable, multilevel memories written in electrolytes and
stored under dry and protected ambient can be developed in liquidelectrolytes: the system can be considered as a redox chemical memory
[15–17]. Both, permanent or erasable memories will be very stable due
to the high energy required to reverse (erase) materials I and II.
The next step should be establishing the best physical methodology
for reading the stored value. In this sense, our electrochemical memory
behavior is analogous to that presented by a memristor, which exhibits
a nonvolatile resistancemodiﬁcationwhich is dependent on the history
of the applied voltage [18]. Further efforts should be made to clarify the
chemical composition, structural transitions and physical properties of
each I and II states, taking advantage of the possible changes in their
physical properties. In this direction, the transduction of the electrical
input into a magnetic output is a realistic possibility [19]. One can, for
example, imagine as magnetic measurement that involve the oxidation
of ferromagnetic Ni0 to antiferromagnetic NiO.
4. Conclusions
The FeNi3-graphene nanocomposite presents in LiClO4 acetonitrile
solutions a redox couple with a coulovoltammetric hysteresis of 2.4 V
between the oxidation and the reduction maxima. Each of the oxidized
(I) or reduced (II) states is fully reversible and leads to a closed
coulovoltammetric loop. The transition degree I/II, writing process, is
controlled by the charge. Interestingly, different transition degrees are
fully stable in view of the high energy required for the reverse transi-
tion. They are proposed as chemical multilevel memories (permanent,
after drying, or labile and erasable in (liquid or solid) electrolytes,
respectively).
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